Our observations on whole mounted major ampullate silk glands suggested that the thread is drawn from a hyperbolic die using a pre-orientated lyotropic liquid crystalline feedstock. Polarizing microscopy of the gland's duct revealed two liquid crystalline optical textures: a curved pattern in the feedstock within the ampulla of the gland and, later in the secretory pathway, the cellular texture previously identi¢ed in synthetic nematic liquid crystals. The behaviour of droplet inclusions within the silk feedstock indicated that elongational £ow at a low shear rate occurs in the gland's duct and may be important in producing an axial molecular orientation before the ¢nal thread is drawn. Our observations suggested that the structure of the spider's silk production pathway and the liquid crystalline feedstock are both involved in de¢ning the exceptional mechanical properties of spider dragline silk.
INTRODUCTION
The dragline silks of spiders of the genus Nephila have become the benchmarks for silk studies because of their great toughness and tensile strength (Kaplan et al. 1994; Vollrath et al. 1996) . Liquid crystallization probably helps to account for these remarkable properties and a cholesteric liquid crystal phase has been identi¢ed in the silk feedstock within the proximal part of the major ampullate gland which secretes dragline silk (Kerkam et al. 1991; Willcox et al. 1996) . However, there are no previous reports on the existence of large-scale, liquid crystalline textures in this material. This is crucial for a full understanding of the spider's remarkable extrusion system with its chemical ) and physical treatment (Kerkam et al. 1991; Willcox et al. 1996) of the nascent silk. Here, we present evidence for two large-scale textures in the major ampullate feedstock as it passes through the ampulla and spinning duct of the golden silk spider Nephila edulis. We also present evidence that elongational £ow occurs as the liquid crystalline feedstock converges within the duct's hyperbolic lumen.
MATERIAL AND METHODS
Adult female N. edulis with abdomens 14^18 mm in length were ¢xed by gentle perfusion (30 min at 4 8C) and immersion (3^12 h) in a modi¢ed Karnovsky ¢xative immediately after at least 4 m of silk had been drawn arti¢cially at ca. 100 mm s À1 . The ¢xative contained ¢nal concentrations of 2% glutaraldehyde, 2% formaldehyde, 0.1M sodium cacodylate, 0.01M calcium chloride and 0.35 M sodium chloride and was adjusted to pH 7.4 with hydrochloric acid. After ¢xation, glands were dissected out in the same bu¡er and mounted whole in Farrant's gum. This largely abolishes the form birefringence seen in the epithelium and cuticle in uncleared glands, enabling examination of the strong intrinsic birefringence of the silk feedstock within the lumen. Changing the pH of the ¢xative between 4.5 and 8.5 did not appear to in£uence the pattern of molecular orientations. Vector plots showing the slow axis and the approximate strength of the retardation were prepared as follows. A Zeiss polarizing microscope was used with a 1! wave plate set at the unconventional angle of 78 to the analyser to increase the saturation of interference colours produced by relatively weakly birefringent samples. A high resolution colour video camera was attached to the microscope. A matrix of pixels was rotated over the image on a visual display unit at the same rate as the stage was rotated. The orientation at which each pixel gave the strongest blue hue was noted while a subjective estimate of the intensity of the hue gave a rough approximation of the retardation. This is a manual modi¢cation of the method described by Newton et al. (1995) .
Measurements were made with an eyepiece graticule. Curves were ¢tted using GraphPad Prism v. 2.01 or Excel v. 7.0.
RESULTS
The structure of the major ampullate gland in N. edulis is shown in ¢gure 1a. The glandular secretory portion is divided into two transverse zones, A and B. The term ampulla' is used here for the distal part of the secretory portion running from the penultimate bend to its distal end. The ampulla passes its secretion into a truncated conical structure we have termed`the funnel', which marks the start of a highly elongated, progressively narrowing duct. This duct is folded back on itself in an elongated`S' to give three limbs (¢rst, second and third). The S-shaped duct terminates in a structure termed`the valve' (Wilson 1962a (Wilson ,b, 1969 . A short terminal duct runs from the valve to the spigot. Polarizing microscopy of whole mounts of aldehyde¢xed glands was used to study the development of molecular orientation in the secretory pathway. A vector plot of the orientation of the slow axes and approximate strength of the retardation of the feedstock in the lumen of the ampulla showed a pattern of nested curves (¢gure 1b). Further down the secretory pathway, feedstock in the lumen of the second limb of the duct frequently showed a di¡erent and remarkable large-scale texture (¢gure 2a^2g). This consisted of a chequered pattern of rather regularly alternating, approximately rectangular, blue and yellow areas when viewed with a ¢rst-order red compensator with the ducts arranged at 08 or 908 to the axis of the polarizer. This optical texture, when rotated between crossed polars (¢gure 2a^2g), closely resembled the cellular texture described by Bunning & Lydon (1996) in a synthetic lyotropic nematic discotic (N D ) liquid crystal con¢ned within a narrow cylindrical glass tube. These authors' plot of the disc-shaped bilaminar micelles in their material is practically identical to our plot of the slow axes of the birefringence in the silk feedstock (¢gure 1c). The mean repeat period of the pattern within the silk feedstock in the second limb of the duct was 124 AE18 mm (n 50). The pattern sometimes started in the distal part of the ¢rst limb of the duct and continued into the proximal part of the third limb but showed a longer repeat period in these locations. Later in the third limb, but well before the start of the draw down taper (see below), the silk feedstock usually showed strong positive birefringence with respect to the duct and a relatively sharp extinction indicating a predominantly uniaxial molecular orientation.
Information concerning the rheology of the system was obtained by studying the change in diameter of the lumen along the length of the S-shaped duct. A two-stage hyperbolic curve ¢tted this closely (R 2 0.979; see ¢gure 3a). The behaviour of small droplets in the feedstock enabled us to obtain further evidence of elongational £ow in the secretory pathway. These droplets appear to give rise to the highly elongated, ¢ne canaliculi described by Frische et al. (1997) in the ¢nal silk. Feedstock in the centre of the lumen in of the widest part of the ampulla contained spherical droplets of 2.2 AE 0.49 mm (n 32) in diameter surrounded by the bulk phase, a homogeneous matrix. Moving distally through zone B, the shape and size of the droplets in the centre of the lumen did not appear to change signi¢cantly (¢gure 3b) until just before the funnel. Here the droplets became slightly ellipsoidal, with the long axis approximately parallel to the direction of bulk £ow. In whole mounts, it was possible to follow and measure the progressive elongation of these droplets into elongated canaliculi with increasing distance from the start of the duct.
Our observations on the droplets can be used to study elongational £ow further. Consider a short cylinder of feedstock with radius r i , that of the lumen at the start duct and of length l i . If this undergoes progressive elongation to give a series of cylinders of radius r and length l at any elongation, provided that there is no change in volume, %r 2 i l i %r 2 l. This rearranges to lal i r 2 i ar 2 where lal i is the elongation at any point. Thus, a straight line ¢t to the log^log plot of the length of the inclusion against the diameter of the lumen (R 2 0.920 and n 10; ¢gure 3b)
indicates that the volume of the feedstock does not change appreciably as it £ows through the ¢rst two limbs of the duct. It also indicates that the lengthening of the canaliculi results solely from elongational £ow in the feedstock matrix surrounding them. The departure of data points for the ampulla from the straight line (¢gure 3b) is thought to result from an increase in volume of the feedstock in this compartment due to secretion by zone B and indicates that here the elongational £ow rate must be lower. The observation that the long axis of the elongated inclusions throughout the duct was nearly always parallel to the long axis of the lumen indicates that the £ow was laminar and without a separate plug £ow (Garg & Kenig 1988) . The function of the canaliculi formed in this way is not known but they may act as minute £uid-¢lled shock absorbers (Fox 1980) to increase the toughness of the thread. The location and geometry of the draw down taper was investigated in whole mounts. The taper appeared to start in the distal part of the third limb of the duct, 2.45 AE 0.15 mm (n 6) before the valve, in material ¢xed immediately after spinning silk at a rate of ca. 100 mm s À1 . The feedstock pulled away from the cuticle where the diameter of the lumen narrowed to approximately 20 AE 2 mm, smoothly and tapering to give a ¢bre ca. 8 mm in diameter at the spigot. A two-stage exponential decay curve showed a close ¢t (R 2 0.972 and n 36), to the draw down taper (¢gure 3c). This is of interest because this type of curve has been used to describe the draw down in synthetic polymers (Ginzburg 1993) . When the geometries of the hyperbolic duct and draw down taper are compared it is evident that elongational £ow rate would be considerably lower in the duct than in the taper.
DISCUSSION
Our polarizing micrographs and slow axes plots of the silk feedstock in the second limb of the S-shaped duct show remarkable similarity to the cellular texture described by Bunning & Lydon (1996) in a nematic discotic liquid crystal. They identi¢ed this optical texture in the lyotropic system, caesium pentadeca£uoro-octanoate^water, but it also known to occur in some thermotropic nematics (Bunning & Lydon 1996) . The cellular texture is thought to arise when certain nematic liquid crystals are constrained within narrow glass tubes. Under these conditions, the molecules align epitaxially at the tube's walls but take up a bent con¢guration in the centre of the tube. This bending results from a thermodynamic minimization in which a small increase in bending energy produces a large reduction in splay energy at the centre of the tube (Bunning & Lydon 1996) . The closely similar proportions and geometry of the cellular texture in synthetic systems (Bunning & Lydon 1996) and spider silk feedstock suggest that the elastic constants could be similar in all liquid crystals that exhibit this optical texture. The gradual lengthening of the repeat period in the third limb of the S-shaped duct evident in our preparations may result from £ow elongation of the cellular texture (see below). The persistence of an epitaxial molecular alignment at the surface of the ¢nal thread after it has been drawn might help to explain the di¡erence in behaviour of coat and core (Vollrath et al. Liquid crystals in silk production D. P. Knight and F.Vollrath 521 1996) in super-contracted spider silk. The super¢cial resemblance of the cellular texture to a double helicoid might account for the helicoidal pattern also described in super-contracted silk by the same authors.
Although we cannot totally rule out the possibility that the cellular texture in silk feedstock is an artefact, we have presented evidence elsewhere that Karnovsky ¢xation followed by dehydration preserves molecular orientation in another nematic silk feedstock, dog¢sh egg case collagen (Knight et al. 1996 (Knight et al. , 1997 .
The arrangement of nested arcs described above in the silk feedstock within the ampulla of the major ampullate gland could arise by elongational £ow (Garg & Kenig 1988) or bending (see above) of a nematic phase within the divergent^convergent geometry (see ¢gure 1a) of this part of the secretory pathway. Both hypotheses are compatible with the suggestion of Kerkam et al. (1991) , based on ultrastructural appearance, that the feedstock is present in the ampulla as a nematic phase. Bending is, however, a more likely explanation as orientation by £ow elongation is unlikely at the very slow £ow rates suggested by our observations on the behaviour of small droplets in the ampulla (see above).
The hyperbolic geometry of the S-shaped duct described above is of interest. Man-made extrusion dies sometimes use this geometry as it reduces disorientation by maintaining a constant elongational £ow rate throughout the entire length of the die (Chen et al. 1992) . The slow reduction in diameter of the lumen in the spider's ampulla and S-shaped duct are thought to produce a slow elongational £ow rate which may prevent premature crystallization of the feedstock until high shear rates (Kerkam et al. 1991; Kaplan et al. 1994; Willcox et al. 1996) are produced in the draw down taper. Elongational £ow in the distal part of the duct may help to produce the predominantly axial molecular orientation seen in the feedstock before the start of the draw down taper.
Several changes in texture may occur as the feedstock travels down the secretory pathway. A nematic texture in the ampulla (Kerkam et al. 1991) may give rise to a cholesteric phase in the proximal parts of the S-shaped duct (Willcox et al. 1996) . Our failure to detect this phase by polarized light is not surprising in view of the small repeat period evident in the latter authors' micrographs. The transition from nematic to cholesteric as the feedstock enters the S-shaped duct is unlikely to be driven by changes in water content as our evidence suggests that there is no appreciable change in the feedstock's volume in the ¢rst two limbs of the duct. This transition is therefore more likely to be driven by a change in pH and/or the increase in elongational £ow rate indicated by our data on the behaviour of droplets in the feedstock. As the feedstock moves from the ¢rst to the second limb of the duct, the cholesteric is thought to transform into the cellular nematic texture. This change may result from the reduction in diameter of the duct. Thereafter, an increase in viscosity coupled with continued £ow elongation caused by the convergent geometry is thought to pull out the cellular texture pre-orientating the molecules uniaxially before the start of the draw down taper in the distal part of the third limb. Thereafter, further improvement in the axial alignment is likely to occur as a result of the higher elongation rates in the exponential draw down taper. The small additional draw down which occurs after the silk has left the spigot is likely to improve the axial molecular orientation even further. The relatively low elongational £ow rates within the ampulla and S-shaped duct may serve to delay formation of the solid thread until considerably higher rates are produced within the draw down taper. We conclude that dragline silk is produced by the draw down of a pre-orientated liquid crystalline feedstock. Preorientation may reduce the viscosity of the feedstock and the energy required to produce an axial alignment of the molecules within the draw down taper and reduce the number of disclinations per unit length of the silk thread, thereby contributing to the exceptional mechanical properties of this material. The spider's manipulation of elongational £ow rates of a liquid crystalline feedstock combined with chemical treatment within the secretory pathway may assist the optimal folding of long chain silk proteins (Cappello & McGrath 1994) . Thus, liquid crystallinity and £ow elongation probably contribute to the extreme toughness and strength of this remarkable material.
